ABSTRACT Several evolutionary models of linked selection (e.g., genetic hitchhiking, background selection, and random environment) predict a reduction in polymorphism relative to divergence in genomic regions where the rate of crossing over per physical distance is restricted. We tested this prediction near the telomere of the Drosophila melanogaster and D. simulans X chromosome at two loci, erect wing (ewg) and suppressor of sable [su(s)]. Consistent with this prediction, polymorphism is reduced at both loci, while divergence is normal. The reduction is greater at ewg, the more distal of the two regions. Two models can be discriminated by comparing the observed site frequency spectra with those predicted by the models. The hitchhiking model predicts a skew toward rare variants in a sample, while the spectra under the background-selection model are similar to those of the neutral model of molecular evolution. Statistical tests of the fit to the predictions of these models require many sampled alleles and segregating sites. Thus we used SSCP and stratified DNA sequencing to cover a large number of randomly sampled alleles ‫)05ف(‬ from each of three populations. The result is a clear trend toward negative values of Tajima's D, indicating an excess of rare variants at ewg, the more distal of the two loci. One fixed difference among the populations and high F ST values indicate strong population subdivision among the three populations at ewg. These results indicate genetic hitchhiking at ewg, in particular, geographically localized hitchhiking events within Africa. The reduction of polymorphism at su(s) combined with the excess of high-frequency variants in D. simulans is inconsistent with the hitchhiking and background-selection models.
S EVERAL evolutionary models of linked selection have a skew is not expected in a practically sized sample of sequences under background selection (Hudson and been proposed to explain the patterns of DNA sequence variation observed in natural populations. GeKaplan 1994; Charlesworth et al. 1995) . The pseudohitchhiking model also yields reduced polymorphism netic hitchhiking is a model of strong directional selecand a skew in the frequency spectrum in regions of tion in which the fixation of favorable variants removes restricted recombination (Gillespie 2000) . Finally, ranlinked neutral variation (Maynard Smith and Haigh dom-environment models involving linked selection can 1974). This hitchhiking effect is expected to be strongest also produce reduction in polymorphism (relative to in genomic regions where crossing over is restricted per divergence) and a skew toward rare variants (Gillespie physical distance (Kaplan et al. 1989) . The background-1997) . All these models of linked selection predict that selection model also predicts a reduction in polymorthe effect(s) on selectively neutral polymorphism will phism that is due to what essentially amounts to a debe most apparent in regions of the lowest crossing over. crease in effective population size, caused by selection's
The distal tip of the X chromosome of Drosophila melaremoval of linked deleterious mutants (Charlesworth nogaster (and its close relatives) offers an excellent opet al. 1993) . Neither model predicts a reduction in interportunity to test models of linked selection, since the specific divergence. A chief difference between the models rate of crossing over per physical distance decreases is whether a skew toward rare polymorphisms is exto zero at the gene-rich euchromatic region at the pected; the hitchhiking model predicts such a skew telomere. For example, Aguadé et al. (1989) found a (Aguadé et al. 1989; Braverman et al. 1995) , while such reduction in polymorphism using RFLP in the yellowachaete-scute (y-ac-sc) region of D. melanogaster. Begun and Aquadro (1991) and Martín-Campos et al. (1992) 1 the sister species D. simulans. All three studies found a One of the goals of the present study is to increase reduction in polymorphism in both species and an exthe statistical power of the tests for neutrality, such as cess of rare variants. When the site frequency spectrum Tajima's D, by using large sample sizes. We surveyed was quantified with Tajima's D (Tajima 1989) , observed ‫05ف‬ lines per population to find additional variation, values were negative, indicating a skew toward rare variespecially rare variations. An additional reason for our ants, although not always significantly so. Divergence generous sample sizes is to make informative comparidata from D. melanogaster and D. simulans permitted a sons among different Drosophila populations. We samtest of the neutral prediction that polymorphism and pled from three continents, Africa, Europe, and North divergence are correlated; the levels of divergence obAmerica. served were normal, thus ruling out a reduction in the Another goal of this article is to use interspecific diverneutral mutation rate or the exclusive action of genetic gence to gain insight into the evolutionary forces at drift as an explanation for the data from these regions.
work. Thus we surveyed both D. melanogaster and its sister Hence genetic hitchhiking appeared to explain the data species D. simulans. A normal level of divergence, for from these studies.
example, would rule out a low local neutral mutation Additional work on the X telomere extended the surrate and/or mutagenic recombination in regions of norveys to samples from Africa (Begun and Aquadro 1993, mal crossing over. In addition, we can test the generality 1995b). Polymorphism was reduced in the telomeric of the phenomena by comparing data from the same genes y and ac. The levels of polymorphism were higher genes experiencing similar but not identical genetic in Africa than on other continents, and population suband population conditions in more than one species. division between African and non-African populations Although the rate of crossing over per physical distance was detected. These results supported the theory that is restricted at the telomere of both species, crossing D. melanogaster originated in sub-Saharan Africa and miover in D. simulans is thought to increase faster when grated to Europe and North America (David and Capy moving away from the tip (Sturtevant et al. 1929 (Sturtevant et al. ). 1988 Lachaise et al. 1988) . D. simulans is thought to Also, the effective population size may differ between have a similar history. Thus demographic phenomena these two species. The greater heterozygosity, greater and/or local adaptation affect genetic variation in codon bias, and fewer nonsynonymous polymorphisms D. melanogaster, not unlike what was already known in observed in D. simulans has been interpreted as evidence D. ananassae (Stephan and Mitchell 1992 (Langley et al. 2000) . negative. In the North American sample, D was large Our results can be summarized as follows. First, the and positive. Simulation analysis of the data found a ewg region has an extreme reduction in polymorphism better fit between that data and the hitchhiking model and a negative Tajima's D in both D. melanogaster and than between that data and the background-selection D. simulans, which is consistent with the hitchhiking model, but neither model fit well. Further work is needed model. Second, the pattern of variation across populato examine these questions in a genomic region with even tions of D. melanogaster could be the result of geographilower recombination using the same or similar samples.
cally localized hitchhiking events, similar to what has In such regions of extremely low crossing over, the imbeen found in D. ananassae (Stephan and Mitchell pacts of both the hitchhiking and the background-selec-1992; Stephan et al. 1998; Baines et al. 2004 ) and in tion models should be greater. The expected further reother regions of the D. melanogaster X telomere (Begun duction in polymorphism also means fewer segregating and Aquadro 1993). Third, variation at su(s) is reduced sites per base pair with which to evaluate the frequency spectrum, which thus requires greater survey effort.
in D. simulans, but Tajima's D is positive; neither the Figure 1 legend for more is shown, and it is oriented with the 3Ј-end on the left in information. contrast to the standard orientation to illustrate the fragment positions relative to the physical location of the su(s) fragments. The solid boxes are exons, the shaded boxes are alterData analysis: We report , the average number of pairwise natively spliced exons, and the thin lines connecting the solid differences per nucleotide. When direct sequencing revealed boxes are the introns. The scale is indicated with a bar 200 polymorphism undetected by SSCP, the procedures of Agunucleotides long.
adé et al. (1994) were followed to estimate *, the average number of pairwise differences per nucleotide, which incorporates an estimate of the amount of hidden variation. The 95%
hitchhiking model nor the background-selection model confidence intervals associated with and * were calculated can explain results at that gene in that species.
by bootstrapping over alleles for 1000 replications. Calculations of the HKA test (Hudson et al. 1987) gene, and accordingly 2832 noncoding bp were surveyed (exbabwe, and extracted using the attached-X strain in the laboracluding polymorphic gaps); this includes introns, a 5Ј-untranstory of C. H. Langley). We refer to these samples by their lated sequence, and a 5Ј-flanking sequence. continent of origin.
Computer simulations: First, neutral coalescent simulations The same samples were used for both the ewg and su(s) studies. (Hudson 1990) Table 1. for neutral theory. These simulations are conditioned on the SSCP and sequencing: The single-strand conformation polyobserved number of segregating sites, and thus population morphism (SSCP) protocol of Aguadé et al. (1994) was used size is not a factor. to bin sequence fragments (ranging in size from 136 to 345
The hitchhiking simulations require calibration. A rate of bp) into allelic classes. The protocol of Aguadé et al. (1994) hitchhiking was chosen to produce, on average, the observed was modified in that the fragments were labeled with 33 P inreduction in from a value from a region of normal crossing stead of being silver stained. The locations of the fragments over. It is important to choose a value matching the population are depicted in Figures 1 and 2 . Representative alleles of each source and the type of sequence (e.g., silent sites). For D. melano-SSCP class were sequenced to identify underlying nucleotide gaster, we set the level of normal variation to be 0.023 in Africa polymorphisms. DNA sequencing was carried out on an ABI 377 automated sequencer using standard protocols.
and 0.0081 in North America and Europe. These numbers were obtained from the DNA sequencing study of vermilion (0.00219 vs. 0.00182), although the confidence intervals (Begun and Aquadro 1995a (Langley et al. 2000) . According to coalescent simulations, the probability of obtaining the observed ble 1) exhibits a 65-fold reduction in polymorphism at ewg compared to vermilion ( * ϭ 0.00035 at ewg vs. ϭ number of segregating sites in the African ewg under the neutral model and no intralocus recombination, 0.0023 for the vermilion silent sites). D. melanogaster su(s) polymorphism is also reduced (e.g., Ͼ12-fold in the Afriassuming it has the same value of 3N as for su(s), is Ͻ0.001 (Hudson 1990 ). In D. simulans, variation at ewg can sample; see Langley et al. 2000) . In D. simulans, ewg also has much less variation than is less than half that at su (s) . While values differ enough that the bootstrap 95% confidence intervals do not oververmilion. We recalculated the statistics for silent sites using the data collected by Hamblin and Veuille (1999) . The lap in this comparison, the ewg and su(s) regions do not have significantly different estimates of 3N according value of for vermilion from Africa (in Zimbabwe, but a different collection date), for example, is 0.035 for to neutral simulations. The other populations also were compared with simulations but power was too low to vermilion, but * is only 0.00079 for ewg ( Values in the column either are calculated directly as the average number of pairwise differences per site or are * (preceded by * ; Aguadé et al. 1994) . Values were calculated with the nucleotide (nt) site polymorphisms and not indels. The 95% confidence interval was calculated with a bootstrap of the polymorphic sites and 10,000
replicates. S is the number of segregating sites, either nt or indel; the number of singletons is indicated in parentheses. better by the hitchhiking model than by the background-selection model. This is evident in the negative was tested against North American data. The HKA using ewg and su(s) individually against vermilion was either and significant values of Tajima's D's observed (Ϫ1.67 and Ϫ1.86). In particular, the hitchhiking simulations highly significant (P Ͻ 0.01) or very highly significant (P Ͻ 0.001). The 5Ј-flanking region of Adh was also used showed relatively large P-values (0.2126 and 0.5177), while the background-selection (neutral) model is sig- (Kreitman and Hudson 1991) , although the sample is a combination of 11 sequences from many global lonificantly inconsistent with the observed data (P ϭ 0.0228 and 0.0093). cales; the results were again always highly significant or very highly significant. Finally, we conducted the test Second, the background-selection model seems to explain the value of Tajima's D (Ϫ0.47) observed in the comparing ewg and su(s), the two loci from this study. None of those tests was significant. These results (and D. melanogaster ewg North American sample better than the hitchhiking model (Table 1 ). The backgroundthe normal level of divergence) can be interpreted as strong evidence that the level of polymorphism is reselection P-value is 0.3825 while the hitchhiking P-value is only 0.0537. duced at the ewg and su(s) loci. This reduction of polymorphism is not consistent with the neutral model of Third, for su(s) from D. melanogaster, we repeated the simulations presented in Figure 3 Langley et al. (2000) . Thus the rate of recurrent hitchhiking required to achieve the observed observed reduction, or a smaller one, in the total size of the coalescent tree was obtained. The size of the relative reduction in is larger, and the simulated values of Tajima's D are smaller. Therefore, the observed value coalescent tree is proportional to the amount of variation and an indicator of the strength of hitchhiking of Tajima's D (Ϫ1.28), while negative, occurs less often in the hitchhiking simulation runs. However, P ϭ 0.0583, (Braverman et al. 1995) . If, all other things being equal, the rate of hitchhiking were significantly greater in so the hitchhiking model is still not rejected. Meanwhile, the background-selection model has P ϭ 0.0823, which D. melanogaster, then the distribution of the relative reduction would be well beneath the observed relative is also not a significant rejection. Thus, both the hitchhiking model and the background-selection model are reduction in D. simulans. The simulation results did not detect evidence of such a difference (P ϭ 0.8586). The marginally consistent with the data, although neither produces a very good fit.
converse simulations (using D. simulans rate and D. melanogaster parameters) also did not detect a significant Fourth, the value of D from the D. melanogaster su(s) from Europe (Ϫ1.54), as suggested by Langley et al. (2000) , difference (P ϭ 0.6516). Population subdivision: There is one fixed difference is explained better by hitchhiking, even with the new parameters ( Table 1 ). The hitchhiking P-value is 0.2340, among the populations: a nonsynonymous change at site 28,218, fixed in the African D. melanogaster ewg sample while background selection is significantly rejected by the data (P ϭ 0.0377).
as GCG (Ala) and as GGG (Gly) elsewhere ( Hudson et al. (1992b) and applied the permutation test to various ciated P-values, interpreted as Prob {D Ն D o } for both models, are very small. Consequently, neither the backsubdivision statistics (Hudson et al. 1992a; Hudson 2000) . First, as a preliminary step, we calculated F ST for ground-selection model nor the hitchhiking model is able to explain these cases very well.
ewg for comparisons of the three different locales from which the European D. melanogaster flies were collected; Hitchhiking simulations were used to test for a difference in the rate of hitchhiking in the two species. In the values were very low and not statistically significantly different from zero subdivision. Thus we pooled these the case of the ewg sample from Africa, it appears that the rate of hitchhiking is greater in D. melanogaster than three groups. Second, we applied the same procedure to the two groups of D. simulans North American lines in D. simulans, since is smaller in the former species. We used the same rates of hitchhiking used above for using data from su(s) (ewg had nearly no variation in The indel polymorphism at 29,138 was excluded (see text). Ancestral states were inferred on the basis of aligned sites in the non-African populations and in D. simulans.
these populations with which to detect any subdivision).
cal length where the impact of linked selection is most apparent. The evidence for skewed frequency spectra The value was also not significant. This also justifies pooling these two locales.
at ewg in the African populations of both D. melanogaster and D. simulans points toward strong positive selection Second, the estimates of F ST for comparisons between Africa and North America and between Africa and Eushaping neutral (and more mildly selected) variation at the tip of the X chromosome in these two species. The rope are reported in (Hudson and Kaplan 1985) , and average r 2 , su(s) of North America] of Tajima's D that is large and significantly positive also does not fit the backgroundthe squared correlation coefficient. In most cases, R M Ͼ 0, evidence for occasional recombination in the history selection model. The large nonsignificant values of Tajima's D (D. simulans of Europe and D. melanogaster of of these sampled alleles in both species. At the same time, the proportions of "significant" tests and the averNorth America) are not easily explained by the background-selection model according to our simulation age r 2 indicate substantial linkage disequilibrium. Interlocus linkage disequilibrium estimates (average r 2 ) analysis (Table 1) . Third, Kim and Stephan (2000) compared the two models and found that in general the in D. melanogaster in general are of the same order of magnitude as intralocus estimates, except in the North hitchhiking model better explains polymorphism in regions of very restricted crossing over. American sample, where both the ewg and su(s) intralocus values are higher than the interlocus values and, Recombination: Another issue raised by our results is the unexpected evidence for recombination in our for su(s), in the European sample. In D. simulans, the sample from Africa was the only one with enough polysample, indicated by R M Ͼ 0. It seems unlikely that crossing over is responsible for these nonzero values of morphic sites in both genes for this analysis. The average r 2 is the greatest within su(s) and is an order of magni-R M because observed crossing over is very low in this region. In addition, crossing over should reduce the tude lower in ewg and between the two loci. Average r 2 is even higher within D. simulans su(s) from North America hitchhiking effect, yet polymorphism is in fact low. Another process, gene conversion, could result in R M Ͼ 0, and Europe. which we observed in both genes and in both species (Table 5) . Because the population genetic consequence DISCUSSION of unbiased gene conversion is effectively short-range double exchange, its impact on linkage disequilibrium The data and analysis presented here consider the telomere-proximal region of low crossing over per physiis qualitatively different from that of crossing over of the sampled alleles at both ewg and su(s), the lack of any correlation with distance is consistent with gene the lack of significant interlocus associations between sites in ewg and su(s) suggests that the crossing over does F ST was calculated according to Hudson et al. (1992b, Equa- contribute to recombination in this genomic region in tion 3) using both the single-nucleotide and insertion-deletion data. The permutation test of the null no-subdivision model
D. simulans.
(1000 iterations) with all the statistics of Hudson et al. (1992a) Little is known about the rate of gene conversion.
applied to the new data is very highly significant (P Ͻ 0.001),
Whether the few polymorphisms in these regions are Frisse et al. 2001) .
bp and a neutral mutation rate of 10 Ϫ9 may be sufficient For pairs of polymorphic sites less than a gene converto accommodate the observations. sion-track length apart, gene conversion augments the Our data are similar but not identical to those from decay of linkage disequilibrium with distance. In consurveys of DNA sequence polymorphism on the fourth trast, for pairs of polymorphic sites that are more widely chromosome that found long-distance disequilibria as separated, gene conversion reduces nonrandom associwell as evidence for some form of recombination on ation at a distance-independent rate. For example, respective regions of the D. melanogaster fourth chromoLangley et al. (2000) noted a lack of long-distance some (Jensen et al. 2002; Wang et al. 2002) . D. simulans for single-nucleotide variation at the ankyrin Before considering any linkage disequilibrium in our gene. To contrast, we had large positive values of Tajidata, it is important to note that not much power is ma's D. They also found two haplotypes present over available to discern patterns. Not only is there low varialong distances. Thus their results do not immediately tion, but also, when there is a skew toward rare variants, offer insight into our data. the number of nonsingleton sites available for LD analyRandom-environment models: Linked selection modsis is even fewer. Hence it is best to focus on the African els such as those studied by Gillespie (1997) might sample, which has the highest amount of variation in explain some of our results. He investigated randomthese regions, and because the African population is environment-selection models and observed negative probably closest to equilibrium. Two observations from values of Tajima's D when selection reduces polymorthe African D. melanogaster data are relevant. First, the phism at linked neutral sites. However, relevant sample average r 2 is of the same order of magnitude within both properties of this statistic and/or appropriate parameter su(s) and ewg (0.083 and 0.035, respectively; affected. For Zimbabwe collections of the X-linked yellow silent variation over two lines from Africa, two from North America, and one from the Seychelles Islands. and ac, the values of were estimated as 0.0017 and 0.0012 using RFLP data (Begun and Aquadro 1993) .
While the species average is higher in D. simulans than in D. melanogaster for regions of normal crossing over A DNA sequencing study of yellow from fly collections from Africa (Zimbabwe) estimated as 0.0003 (Andol- (Moriyama and Powell 1996; Andolfatto 2001) , these three studies and ewg and su(s) exhibit more refatto and Przeworski 2001), and an expansion of that survey's sample size (n ϭ 49) in more base pairs (2017 duced variation in D. simulans than in D. melanogaster at the X telomere. bp) yields a of 0.000658 (recalculated from data reported by Andolfatto and Wall 2003) . Meanwhile, In the region from the telomere to ewg where there is presumably even less crossing over, Sheldahl et al. the value of reported for ewg is 0.00035. This number and its upper bootstrap confidence limit are lower than (2003) also surveyed three regions. In the African (Zimbabwe) collection (n ϭ 4), the values of (silent) were the last value reported for yellow. A value of 0.00182 for the su(s) D. melanogaster Africa population (Zim-0, 0, and 0.00272, moving from the most distal to the most proximal. The trend stops just shy of the value babwe) lies above the yellow numbers (Langley et al. 2000) . Thus the levels of polymorphism at these three reported in Table 1 for ewg Africa (Zimbabwe); thus these data from Sheldahl et al. (2003) are consistent loci in the African populations are consistent with their relative distances from the telomere and presumed relawith those from larger samples. Demography: Our quantification of population structive rates of crossing over.
In D. simulans, there are only three published studies ture (Table 4) (Begun and Aquadro 1995a) . The values at et al. (2003) . Fourth, we observed a fixed difference at one site (28,218) and a near-fixed difference at another su(s) and su (w a ) are slightly lower than other values of F ST for regions of reduced recombination (Begun and site (27, 501) , and the ancestral forms of these differences occur only in samples collected outside Africa. It Aquadro 1993). For example, Begun and Aquadro (1993) estimated F ST as 0.56 for yellow and 0.54 for ac.
is unknown whether the first site is itself the target of selection, but the difference at this site is nonsynonyCharlesworth (1998) showed that estimates of F ST may be inflated when using low levels of polymorphism, mous, making it a more likely target than the remaining synonymous and noncoding sites. Beyond Glinka et al. which was the case for yellow and ac, so there may be no real difference in F ST between the different regions.
(2003), Andolfatto and Przeworski (2001) studied many genes from an African sample and concluded that To contrast, ewg has an enormous value of F ST (0.811), which was calculated using a larger number of polymorhitchhiking is a better explanation than demographic explanations for that data. Innan and Stephan (2003) phic sites than those for yellow and ac, although the values of at ewg are lower. The large geographic difapplied a different method to the same data and also found hitchhiking to be the dominant force, although ferentiation at ewg reflects the fixed difference and nearfixed difference (Table 3) , and it is consistent with a they were not considering demographic explanations. Regarding demography and selection in the other geographically localized hitchhiking event(s). A single parameterization of a model of geographic differentiacases of significant Tajima's D's from non-African populations in this study, namely, European D. melanogaster tion by genetic drift and migration would not simultaneously account for this observation and data from the ewg and su(s), there is also reason to believe that hitchhiking played a role. In D. melanogaster, the large F ST rest of the genome. Hitchhiking associated with strong selection, genomically localized to the X telomere and values and the greater variability in the African sample support a historical migration from Africa and subsegeographically differentiated, is proposed as an ad hoc explanation here but quantitatively documented elsequent restricted migration. This would indicate a demographic influence on non-African polymorphism. Howwhere (e.g., Baines et al. 2004) . Irvin et al. (1998) studied population substructure ever, both Glinka et al. (2003) et al. (2003) interpret their data as evidence of population expansion rather than hitchhiking. They studied and the patterns observed were found to be explainable by a simple bottleneck. However, their model fits the many X-linked loci from the same population (Zimbabwe) and found many significantly negative Tajima's data only if the ancestral X:autosome effective population sizes ratio is low and if the bottleneck is strong and D's yet no significant HKA test results and only a weak correlation between recombination and polymorphism.
recent. The authors did not know how reasonable those conditions were (Wall et al. 2002) . Further, those interHowever, our study contrasts to theirs in several ways, leading to a different conclusion. First, Glinka et al. pretations are from smaller sample sizes and genomic regions of normal crossing over per physical length and (2003) studied genes from regions of normal crossing over, while the two genes in the present study are from so may not be applicable to our data. Conclusion: The excess of rare variants at ewg, the regions of highly restricted crossing over. Glinka et al. (2003) treat regions of reduced crossing over as excepmore distal of the two loci, and high F ST values indicate strong population subdivision among the three populations, while to further understand such regions is precisely the goal of our study. Second, we observe that the tions at ewg. These results indicate genetic hitchhiking at ewg and perhaps geographically localized hitchhiking amount of polymorphism at ewg is lower than that at su(s), which does suggest a correlation between crossing events within Africa. The reduction of polymorphism at su(s) combined with the excess of high-frequency over and polymorphism. A bottleneck or expansion alone could not explain this correlation. Third, our variants in D. simulans is inconsistent with the hitchhiking and background-selection models. Although the HKA test results are positive, indicating an extreme reduction in polymorphism, in contrast to those of Glinka D. simulans su(s) data are difficult to explain, our data W. Stephan, 1995 The hitchhiking effect on the site frequency from ewg can be explained by hitchhiking in the telospectrum of DNA polymorphisms. Genetics 140: 783-796. meric region of the X chromosomes of both D. melano-
